In reconstructive surgery, tissue perfusion/vessel patency is critical to the success of microvascular free tissue flaps. Early detection of flap failure secondary to compromise of vascular perfusion would significantly increase the chances of flap salvage. We have developed a compact, clinically-compatible monitoring system to enable automated, minimally-invasive, continuous, and quantitative assessment of flap viability/perfusion. We tested the system's continuous monitoring capability during extended non-recovery surgery using an in vivo porcine free flap model. Initial results indicated that the system could assess flap viability/perfusion in a quantitative and continuous manner. With proven performance, the compact form constructed with cost-effective components would make this system suitable for clinical translation
INTRODUCTION
In reconstructive surgery, tissue perfusion is critical to the success of flaps created via free tissue transfer. In case of impending failure (i.e., compromise in tissue perfusion), implementing earlier detection of any vascular compromise would significantly increase the chances of flap salvage. Current methods, which rely on infrequent and often subjective assessments such as flap color, temperature, and refill/reperfusion rate, do not address the need for continuous objective monitoring and cannot assess instantaneous detection of failure.
Here we present a compact, low-cost, clinically-compatible monitoring system capable of automated, minimallyinvasive, continuous, and quantitative assessment of tissue blood flow, hemoglobin concentration and tissue oxygenation. The system employs diffuse correlation spectroscopy (DCS) and diffuse reflectance spectroscopy (DRS) for tissue sensing via fiber-optic patches for light delivery and collection, and software for continuous monitoring. DCS is based on coherence-based technique, measuring intensity fluctuation induced by moving particles inside a medium [1, 2] . DCS has been employed as a non-invasive method to assess blood flow in brain, muscle and bone [3] [4] [5] .DRS is a well-established technique to analyze reflectance spectra determined by tissue scattering and absorption properties altering upon tissue morphology and physiology [1] . Due to its potential for clinical translation, DRS has been widely employed in many clinical applications [6] [7] [8] . Coupled with analytical models, combination of DCS and DRS can provide quantitative metrics relevant to tissue perfusion.
Using this system, we report the results of continuous microvascular free flap monitoring during an extended nonrecovery surgery (for 5 monitoring hours after anastomosis) using an in vivo porcine flap model. 
METHODS

Instrumentation
We have designed and developed a compact instrument with two DCS channels and one DRS channel (Figures 1 and 2) . DCS is an optical technique assessing a relative blood flow (BF) change in a microvasculature. It detects speckle fluctuation in a scattered light induced by red blood cells inside the vessel. Due to its capability to sense a BF change in microvessels, DCS has been investigated as an alternative to the conventional Doppler flowmeter system. A detailed description of the instrument is noted in [9] . Briefly, DCS consists of an NIR (785 nm) diode laser, avalanche photodiode (APD) for single photon detection and a correlator. For cost-effective construction of the device, DCS employs an inexpensive laser diode (LD) with a long coherence length to cover a sample volume. Instead of the commercialized hardware correlator, the correlator is implemented using a custom PSoc time-tagger and USB logger [10] . DRS uses a white LED as a broadband source and a miniaturized spectrometer (Avantes) to acquire a reflectance spectrum (450 ~ 650 nm). The custom software written in C# controls a sequence of light sources (two LDs and one LED), and acquires, displays and saves DCS correlation (it can process up to four channels of DCS detection) and DRS spectrum data. Autocorrelation functions are calculated in the control software, further reducing hardware cost. The ultimate goal of the instrument design was to minimize size, weight, cost and complexity while enabling control via both an express and an expert software mode.
The heart of the system is a low-cost programmable system on a chip (PSOC) consisting of a microprocessor and a field programmable gate array (FPGA). Isolated LD flap Reconnected artery
Animal procedure
All animal experiments were performed in accordance with the University of Michigan Institutional Animal Care and Use Committee (IACUC) guidelines and approval. Pigs were anesthetized using Telazol, followed by a tracheostomy used to establish a secure airway. A neck vein was accessed and an IV established. Animals were maintained on isoflurane general anesthesia and monitored for the duration of the experiment. A latissimus dorsi (LD) myocutaneous flap was raised using standard surgical procedures. The arterial and venous supplies were traced back to a single artery and vein. Following isolation of vessels, the artery and vein were transected and then anastomosed using standard microsurgical techniques. The first attempt was successful in all cases. The monitoring probes were then applied and sutured into place. Animals were continuously monitored for five hours at which time, venous congestion was simulated by tying off the vein for 30 minutes with continuous monitoring. After allowing for recovery, arterial compromise was simulated with arterial clamping after which the experiment was complete. 
Data acquisition
After anastomosis, the skin patch was fixed onto the skin side of the raised flap [11] . The skin patch enabled monitoring of one DRS channel and one DCS channel. (Figure 5 ) The distance between source and detection fiber was 1.2 mm for DRS and 5 mm for DCS. For continuous flap recovery monitoring, DCS and DRS data was acquired every five minutes for five hours. In all cases the surgeon did not find any signs of flap failure such as poor capillary refill or "dusky" color indicative of venous compromised, during the 5-hour monitoring period. The vein was then tied securely to simulate a venous failure which is known as the most common type of complication during a free tissue transfer. After venous occlusion, the 30-minute monitoring was initiated, in which both DCS and DRS data was acquired every 30 seconds. After recovery from venous occlusion an arterial occlusion was completed and DCS/DRS monitoring was continued for 5 minutes until study end. 
Data analysis
For blood flow index, the autocorrelation plots calculated by the custom software using multi-tau approach [10] were analyzed by a simple algorithm to obtain a tau half value. Analysis using complex fitting algorithms incorporating the photon diffusion equations to arrive upon blood flow index (BFI) is not incorporated in real-time. For this experiment, the tau half value was assigned by first normalizing the correlation plot, and then set to ½ the time at which the integrated area above the curve equals that below. If that method fails due to noise or fast correlation curves without a normalizable "shelf", the data is boxcar-averaged, and a three-consecutive point minimum is found in the derivative. If three consecutive points cannot be found, the absolute minimum is used.
To estimate total hemoglobin concentration and tissue oxygen saturation, a Monte Carlo lookup table (MCLUT)-based inverse method [12, 13] was employed to fit the measured reflectance spectra. Technical details on algorithm implementation are described in [9] , and phantom verification of the method is found in [14] 3. RESULTS
5-hour monitoring
During 5-hour monitoring, the surgeons did not find any signs of flap failure from their physical exams, which confirmed successful anastomosis, resulting in normal tissue perfusion. DCS and DRS data were acquired without any technical issues and are presented in Figure 6 . The calculated autocorrelation plots from DCS shows g2(tau) drops to half from the peak within a time delay of several tens of milliseconds, indicative of fast blood flow from our previous phantom experiments. The acquired plots and their tau half values stay consistent during the entire period of monitoring ( Figure 6(A) ), serving as evidence of recovered blood supply in a flap. nutes after 5-h on. In DCS, ompromised bl (Figure 7(B) ). enous congesti points during ing, the 30-min y. The reflecta ips at 540 nm cquired at pos flectance given 
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CONCLUSION
Changes in physiological parameters related to tissue perfusion depending on flap status have been successfully monitored in real time by our perfusion monitoring device. These initial results suggest that our system could assess microvascular free flap viability in a non-invasive, objective and continuous manner. With proven performance, the compact form constructed with cost-effective components would make this system suitable for clinical translation.
